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Abstract
Hereditary fructose intolerance (HFI,
OMIM 22960), caused by catalytic defi-
ciency of aldolase B (fructose-1,6-
bisphosphate aldolase, EC 4.1.2.13), is a
recessively inherited condition in which
affected homozygotes develop hypoglycae-
mic and severe abdominal symptoms after
taking foods containing fructose and cog-
nate sugars. Continued ingestion of nox-
ious sugars leads to hepatic and renal
injury and growth retardation; parenteral
administration of fructose or sorbitol may
be fatal. Direct detection of a few muta-
tions in the human aldolase B gene on
chromosome 9q facilitates the genetic
diagnosis of HFI in many symptomatic
patients. The severity of the disease
phenotype appears to be independent of
the nature of the aldolase B gene muta-
tions so far identified. It appears that
hitherto there has been little, if any, selec-
tion against mutant aldolase B alleles in
the population: in the UK, -1.3% of
neonates harbour one copy of the preva-
lent A149P disease allele. The ascendance
ofsugar as a major dietary nutrient, espe-
cially in western societies, may account
for the increasing recognition of HFI as a
nutritional disease and has shown the
prevalence of mutant aldolase B genes in
the general population. The severity of
clinical expression correlates well with the
immediate nutritional environment, age,
culture, and eating habits of affected sub-
jects. Here we review the biochemical,
genetic, and molecular basis of human
aldolase B deficiency in HFI, a disorder
which responds to dietary therapy and in
which the principal manifestations of dis-
ease are thus preventable.
(TMed Genet 1 998;35:353-365)
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Aldolase B: a specialised enzyme of
fructose metabolism
Fructaldolases (EC 4.1.2.13) are widely dis-
tributed in living organisms; they catalyse the
specific and reversible cleavage of the glycolytic
hexose substrates, fructose-1,6-bisphosphate
and fructose 1-phosphate, into the 3-carbon
sugars, dihydroxyacetone phosphate, D-gly-
ceraldehyde 3-phosphate, and D-glyceral-

dehyde' (fig 1). There are two different
processes for the generation of the stable
carbanion substrate enzyme complexes in-
volved in the aldolase reaction: aldolases of the
class II type, which are confined to yeasts and
prokaryotes, form the carbanion using a
bivalent metal cation (Zn21) .2 However, in class
I aldolases, which are mainly of eukaryotic ori-
gin, there is transfer of a proton from a
conserved Schiff base forming lysine residue
located at the active site.'
There are three genetically distinct isozymes

of class I vertebrate aldolase which can be
distinguished on the basis of their antigenic
and catalytic properties.4`6 In humans, aldolase
A (Genebank Accession No Ml 1560) exists in
most tissues but predominates in the muscle;
aldolase B, previously known as liver aldolase
(Accession No X01098) is also found in
certain cells of the kidney and small intestine;
and aldolase C (Accession No X07092) is
present in the brain. Aldolases A and C are
constitutively expressed, but the B isoform is
under dietary control.7 Under resting condi-
tions, the expression of aldolase B mRNA is
low and any functional enzyme present in the
cytosol appears to associate with components
of the cytoskeletal network rendering it cata-
lytically inactive; after feeding a carbohydrate
diet, mRNA expression is induced and the
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Figure 1 The metabolism offructose in normal subjects. The
enzyme aldolase B catalyses the reversible cleavage offructose
1-phosphate in the specialised pathway offructose
metabolism, as well as fructose-1,6-bisphosphate in the
glycolytic/gluconeogenic pathway. 3-carbon sugars:
D-glyceraldehyde 3-phosphate, D-glyceraldehyde,
dihydroxyacetone phosphate. Dotted arrows indicate point of
secondary metabolic arrest in aldolase B deficiency (see text).
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enzyme is activated by dissociation of the aldo-
lase B-cytoskeletal protein complex in the
presence of accumulated intermediate
metabolites8'-3 In fetal tissue, aldolase A is pre-

dominant, but as the embryo develops there is
repression of aldolase A in the liver, kidney, and
intestine, accompanied by expression of aldo-
lase B.'4`6 A reversion to this fetal pattern of
expression is observed in transformed rat liver
cells and in human hepatoma, where aldolase B
has been categorised as an oncofetal
antigen.'7 18

The 5' flanking sequences (up to 200 base
pairs) of the aldolase B gene from different
species are highly conserved, as expected for
common promoter regions that are important
for gene expression. The developmental stage
specific and tissue specific expression of
aldolase B has been shown to be linked with the
chromatin structure of its promoter region
(which encompasses an origin ofDNA replica-
tion initiation),'9 20 the demethylation of a

cytosine residue (position -129),21 and the
simultaneous appearance of transcription fac-
tors, AIF-A (identical to liver specific factor
HNF-122) and AIF-B (CCAAT binding pro-

tein, binds to residues at positions -129 and
-128), which activate aldolase B gene transcrip-
tion by binding to the promoter region.23 24 The
transcription factors HNF-3 and RYB-a,
which have overlapping binding sites with
AIF-A and AIF-B respectively, have been iden-
tified to repress transcription from this
promoter 5 26 suggesting that competition be-
tween these activators/repressors regulates al-
dolase B gene expression.27 Recently, Sabourin
et af8 used transgenic mouse models with
expression construct transgenes to identify an

intronic activator region (nucleotides 650-
2448 in the aldolase B gene) which, in combi-
nation with the tissue specific promoter, is suf-
ficient to mediate developmental expression of
aldolase B mRNA expression but lacks the
necessary site(s) for activation by dietary
carbohydrate.

Studies of enzyme function activity using
purified isozyme preparations have shown that
at saturating substrate concentrations, aldo-
lases A and C display between 50- and 10-fold
greater activity towards fructose-1,6-
bisphosphate than to fructose 1-phosphate,
whereas aldolase B has equal activity with both
substrates.6 29-31 The aldolases show less affinity
for the fructose 1-phosphate substrate (aldo-
lase B KM 1 mmol/l), compared with the
bisphosphate, (aldolase B KM 50 pLmol/J).6 32 33

The similarity between the isozymes, in terms

of their structural and general catalytic proper-
ties, led Rutter34 to conclude that the isozymes
evolved by a process of gene duplication and
divergence, according to the mechanism pro-
posed by Ingram35 to explain the differences
observed in the haemoglobins. This view has
been supported by the mapping of the three
human aldolase genes and a pseudogene to

homoeologous chromosomes that have
emerged during vertebrate tetraploidisation.36

Studies on the molecular architecture of
class I aldolases have shown that the functional
enzyme is about 160 000 Daltons and consists

of four identical subunits.14 37.39 The most thor-
oughly investigated class I aldolase, rabbit
muscle aldolase (aldolase A), has been crystal-
lised and the three dimensional structure
determined by x ray diffraction to a resolution
of 1.9 Angstr6ms.40 4' The polypeptide back-
bone of the enzyme folds into an alternating
arrangement of a helices and f sheets, which
adopt a basic eight stranded I barrel type
structure, similar to triose phosphate
isomerase" 4 and the A domain of pyruvate
kinase,44 as well as 14 other enzymes with little
sequence, but significant structural homology
(reviewed by Farber and Petsko45). Since
human aldolase B has 69% amino acid identity
to its paralogue aldolase A, it is likely to assume
a similar three dimensional conformation, as
does rabbit liver aldolase.
Using the structural data with the corre-

sponding amino acid sequence,46 the substrate
binding residues Lys 146, Arg 148,47 and Lys
229 (which forms the Schiff base3) line the
active site pocket which is located in the centre
of the f barrel. Even though the spatial
configuration of the carboxy-terminal tail of
aldolase A could not initially be identified by
Sygusch et al,40 experiments on the evolutionar-
ily conserved terminal tyrosine residue, either
by carboxypeptidase treatment' 48 or site di-
rected mutagenesis of recombinant aldolase
expressed in Escherichia coli,49 have shown that
it is involved in binding of the substrate,
fructose-1,6-bisphosphate. The C terminus
perhaps mediates movement of substrates in
and out of the barrel structure.40 A more recent
model based on refined data obtained from
rabbit aldolase A has indicated that the C
terminal residues actually project into the
active site.4'
The gene for human aldolase B has been

mapped to chromosome 9q22.3.5° The struc-
tural organisation shows nine exons, including
the first 72 bp exon (nucleotides 924-996),
which lacks the initiator methionine codon in
exon 2 at nucleotides 5816-5818, to span a
DNA segment of 14.5 kb.53 The cloning of the
aldolase B cDNA shows that the mRNA
encodes a 364 amino acid polypeptide includ-
ing the initiator methionine.54 The A and C
isoforms of human aldolase have also been
cloned and their cognate genes map to
chromosomes 16 and 17, respectively.36 55 Kita-
jima et atr6 observed that there are seven
common conserved and four isozyme group
specific regions in the sequences.56 The car-
boxyl tail shows significant sequence diver-
gence, thus the unique functional properties of
the individual isozymes may be invested in this
region. Indeed, there is clear evidence to
support the contention that isozyme function is
dependent on changes in this single domain,
since sequence analysis of the aldolase locus
from Drosophila melanogaster shows a single
gene with three alternative 3' terminal exons.57
The single primary transcript undergoes alter-
native splicing to give rise to the three isozyme
specific aldolases with variable carboxy-
terminal sequences and differing catalytic
properties." 5
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Consequences ofhuman aldolase B
deficiency
Hereditary fructose intolerance (HFI, OMIM
22960) is a recessively transmitted metabolic
condition caused by catalytic deficiency of liver
aldolase (aldolase B) (EC 4.1.2.13) in the liver,
kidney, and intestine.60
The disease, first reported in an adult in

1956 by Chambers and Pratt,6' was typified by
the description of a 24 year old woman who,
after taking sugar and fructose complained of
phobic symptoms, faintness, abdominal pain,
and nausea; when she took glucose, these
symptoms were absent, although it was noted
that she did not enjoy the sweet taste. After
systematic tasting with a range of sugars
unknown to the patient, it was concluded that
she had an "idiosyncrasy to fructose". Cham-
bers and Pratt suspected, but did not ever for-
mally prove, that several of the symptoms
noted in their patient were the result offructose
induced hypoglycaemia.

Studies of HFI in infants and children soon

followed and showed a more alarming disorder
in those affected subjects who are unable to
avoid the toxic sugars.62 63 Infants with this
condition are the most vulnerable to exposure
of dietary fructose, especially at weaning.64 65
The newborn does not develop any symptoms
while taking breast milk since this contains lac-
tose, the disaccharide of glucose and galactose.
However, characteristic symptoms ofvomiting,
nausea, and sweating, associated with hypogly-
caemia and metabolic acidosis, are induced
after transfer to sweetened milk formulae and
solid foods containing added sugar, as well as

natural fruit and vegetables. If large quantities
of sugar are consumed, the acute reaction is
more severe and the infant becomes lethargic
and may develop seizures or coma.

It has been observed that persistent intake of
the harmful sugars in childhood leads to a syn-
drome of chronic toxicity.66 At this stage also
irreversible damage to the liver and kidney may
occur.67 This course eventually leads to cirrho-
sis ofthe liver and sometimes death. Clearly the
mother, or others responsible for infant care,
play a critical part in the nutrition of those
affected and are usually best placed to protect
the defenceless patient by the early withdrawal
of foods and drinks that cause the disease, thus
identifying the harmful items for the person to
avoid as they become more independent. In
some countries, carers other than the con-
cerned parents may interfere with the nutrition
of ailing infants with HFI: the authors are
aware of several instances where grandparents
have administered large quantities of honey to
infants under investigation for the disease
unbeknown to nursing staff and parents in
hospital, with catastrophic results.

If the undiagnosed infant survives the
difficult initial period of weaning, the child
usually develops a self-protective aversion to
foods which cause distress.6' Voluntary dietary
exclusion, which is refined by trial and error
over a life time, includes restriction of most
sweet tasting foods. The older infant affected
by HFI often proves difficult to feed and recur-

rent ill health and growth failure are
common.64-66

Adults with the condition, who have survived
as a result of a self-imposed low fructose diet,
can remain undiagnosed for many years until
they come forward in response to articles on
the subject in the public domain or as a result
of their dentist's observations. Several dental
researchers have noted that children and adults
with HFI have reduced dental caries as a result
of their modified dietary habits.697'
A particular hazard for people with undiag-

nosed HFI has been the indiscriminate use of
fructose infusions as a source of parenteral
feeding72 73; more than 20 fatal or near fatal
instances resulting from this cause have been
and continue to be reported in HFI174-77 (see
also below). These cases have lately been
almost exclusively restricted to Germany where
the use of parenteral fructose and sorbitol
solutions has persisted. Although the use of
fructose as opposed to glucose containing
fluids as a source of parenteral nutrition was
originally thought to be beneficial for patients
with diabetes mellitus,"8 their use is not only
fatal in patients with HFI,79 80 but is potentially
toxic in normal subjects.8" 82 Hence, in most
countries their availability has been restricted:
glucose and lipid preparations are now the pre-
ferred sources of energy. In a recent example,
medical review and molecular analysis of aldo-
lase B genes in surviving relatives of the dead
patient (a German citizen) provided evidence
that led to successful litigation by the wife and
family of the proband; the hospital authorities
settled compensation (see data and pedigree in
fig 2).
Once the diagnosis of fructose intolerance

has been established, a strict exclusion diet
should be introduced with the assistance of an
experienced dietician; provided that tissue
damage has not been extensive, normal health
and development returns rapidly.83 84 Care
should be taken to advise on the suitability of
all medicines: sucrose and sorbitol are favoured
excipients and coatings for tablets and are fre-
quent components of syrups and suspensions
used to deliver drugs in a palatable form to
infants and children. There are numerous
examples of their harmful effects in patients
with HFI, who should be advised to take
supplements of water soluble vitamins, includ-
ing folic acid and vitamin C; "Ketovite" is a
suitable preparation for this use. We recom-
mend that patients should use warning Medic-
Alert bracelets advising on prohibited sugars
(especially for the traveller) and on the appro-
priate treatment for hypoglycaemia in stricken
patients (glucose or milk for parenteral or oral
use as needed). At the time of writing, the
original patient reported by Chambers and
Pratt6' is alive and well known to the authors.
She is in good physical health at the age of 67
years and is a grandparent.

CLINICAL INVESTIGATIONS AND PATHOGENESIS
The specific pathway of fructose metabolism,
which was brilliantly elucidated by Hers,8" is
depicted in fig 1. To summarise, once exo-
genous fructose is incorporated into the cell, it
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Figure 2 Retrospective diagnosis ofHFI by molecular analysis of aldolase B genes. The
unexpected death in a German hospital of a local 42 year old patient (I. 2) with a history
ofpeculiar eating habits (disliked sweet foods), who received intravenous infusions of
fructose and its derivative, sorbitol, to correct dehydration after a minor diarrhoeal illness, as
well as the death of his younger brother (1. 4) under similar circumstances, prompted
lawyers representing the widow andfamily to request analysis of aldolase B genes in
survivingfirst degree relatives. Agarose gel ofPCR amplified DNA containing exon 5
fragments of the aldolase B gene after digestion with the restriction endonuclease AhaII."
Partial cleavage of the 322 base pairfragment into 186 and 136 base pairs confirms the
presence of a single copy of the aldolase B mutant allele A 149P Both daughters, as well as
the surviving brothers, of the dead man (1. 2) are indeed carriers ofHFI suggesting that
the dead brothers hadfructose intolerance having inherited a single copy of the disease allele
from each of their consanguineous parents. Dark shading, genotype determinedfrom the gel;
light shading, genotype determined by inference; . 1 and L 2, natural death; 1. 2 and 4,
premature death.

is rapidly phosphorylated into fructose
1-phosphate"6 by the action of fructokinase.88
In this specialised pathway, fructose
1-phosphate is cleaved by aldolase B, thus
splitting the asymmetrical 6-carbon sugar into
D-glyceraldehyde and dihydroxyacetone
phosphate.)2 These intermediary triose prod-
ucts can be incorporated directly either into the
glycolytic pathway (with the eventual forma-
tion of lactate and pyruvate, which act as sub-
strates for the Krebs' cycle) or the gluconeo-
genic pathway to provide a source of glucose, or
the synthesis of glycogen.

Investigations have been conducted to deter-
mine which aspects of fructose metabolism are

impaired in patients with HFI. Froesch et alr9
incubated liver biopsy specimens with radiola-
belled fructose and found that in patients with
HFI the incorporation of fructose into glyco-
gen was less than 6% of normal. This suggests
that formation of glycogen from fructose is
principally catalysed by aldolase B and that the
activity of any alternative pathways for the
direct conversion of fructose 1-phosphate to
fructose-1i,6-bisphosphate in human liver tis-
sue is limited.

Analysis of blood and urine metabolites in
patients with HFI have shown that when fruc-
tose is administered, blood glucose, phosphate,
and potassium concentrations decrease; this is
accompanied by increased concentrations of
blood magnesium, urate, alanine, and
lactate.63 9( 91 If the concentration of fructose
exceeds 2 mmol/l in the blood, fructosuria, as
shown by the appearance of reducing sugars in
the urine, also occurs. The biochemical
changes observed in HFI appear to be second-
ary to the fructose 1-phosphate aldolase
deficiency, affecting the otherwise normal
metabolic pathways of fructose metabolism in
the liver and accessory tissues. Although the
fructosuria of HFI patients exceeds that in
normal subjects after sugar loading, only a
fraction of the fructose ingested is excreted by
this route. This indicates that fructose is
metabolised at extrahepatic sites92: the sugges-
tion that hexokinase in leucocytes, erythro-
cytes, and adipose tissue may contribute to the
disposal of excess plasma fructose has been
supported by metabolic labelling studies using
samples of rat epididymal fat.93 The biochemi-
cal changes described here immediately ac-
company the acute symptoms of sugar toxicity
in HFI.6 65
When aldolase B activity is deficient, the

rapid phosphorylation of fructose creates a
build up of fructose 1-phosphate with depleted
intracellular inorganic phosphate and ATP in
the organs where the specialised pathway of
fructose metabolism is operative.'( 94 The
reduced Pi concentration activates adenosine
deaminase and the xanthine oxidase pathways,
with degradation of purine nucleotides to uric
acid.95 97 Reduced intracellular concentrations
of inorganic phosphate lead directly to the
allosteric activation of adenosine deaminase.9"
The increased formation of uric acid leads to
hyperuricaemia, a metabolic effect of fructose
administration observed to a limited extent in
normal subjects.9 More recently, it has been
observed that the hyperuricaemic effect is more
pronounced in HFI heterozygotes than in con-
trol subjects,99 suggesting that carriers of this
disorder may be predisposed to hyperuricae-
mia and gout. Reduced intracellular concentra-
tions of ATP appear to account for the release
of Mg2+ ions"'0 by dissolution of the Mg-ATP
complex, so causing the hypermagnesaemia
observed in HFI patients following challenge
with fructose.63 101 High concentrations of
unmetabolised fructose 1-phosphate inhibit
fructokinase action by negative feedback, thus
preventing further incorporation of fructose
when metabolism by the aldolase B pathway is
saturated.'02 As a result, transient fructosaemia
(an outmoded term for hereditary fructose
intolerance) and fructosuria are observed.'03 ")9
The hypoglycaemic response to fructose

experienced by patients with HFI is attributable
to the impaired hepatic breakdown of fructose
1-phosphate. Experiments carried out in pa-
tients with HFI during fructose induced
hypoglycaemia clearly show reduced interpran-
dial plasma glucose release'04 without evidence
of hyperinsulinism. The failure of parenteral
glucagon to correct the hypoglycaemia indicates
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Figure 3 Aldolase
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defective glycogenolysis. Although infusions
of galactose raise the blood glucose
concentration (indicating that the phospho-
glucomutase and galactokinase pathways are
intact),9' "' a lack of response to dihydroxyac-
etone shows that gluconeogenesis is also
impaired. The exact mode of inhibition of gly-
cogenolysis is unknown: in vitro studies suggest
that increased concentrations of fructose
1-phosphate, combined with the decrease in

ship is lacking. The possible involvement of
fructose 1-phosphate in the regulation and
synthesis of glycoproteins has received little
attention but the high concentrations of this
ester that occur in HFI tissues after fructose
exposure might also have hitherto unsuspected
effects on hepatic glycan metabolism, includ-
ing the synthesis of desialylated plasma trans-
ferrin isoforms." 6

inorganic phosphate, block glycogen break- GENETIC STUDIES
down at the level of phosphorylase.'06-'08 Fruc- Information obtained from the cloning and
tose 1-phosphate also prevents the formation of characterisation of the wild type human
the gluconeogenic intermediates, fructose-1,6- aldolase B gene 54 allowed Cross and col-
bisphosphate and glucose 6-phosphate, by leagues to clone the chromosomal aldolase B
competitive effects on aldolase A and glucose gene from a well characterised patient suffering
6-phosphate isomerase, respectively.'09 110 In from hereditary fructose intolerance, who had
the absence of a fructose challenge, no such an intact but functionally inactive enzyme
metabolic inhibition would be expected and aldolase B polypeptide expressed in liver and
this is certainly supported by the observation intestinal mucosa."7 118 Sequence analysis of
that patients with HFI tolerate prolonged fast- the entire mutated gene showed a single base
ing. substitution in exon 5 of aldolase B from the
Impairment of gluconeogenesis after fruc- patient. Molecular analysis of genomic DNA

tose intake in patients with HFI combined with using the polymerase chain reaction followed
fructose 1-phosphate induced activation of by restriction enzyme digestion showed that
pyruvate kinase"' results in accumulation of the patient was homozygous for this mutant
the Krebs' cycle precursors, alanine, lactate, allele. This mutation, a G-*C transversion in
and pyruvate. This contributes to amino the first base of codon 149, is inferred to
acidaemia, as well as metabolic acidosis.82 112 replace the normal alanine by a proline residue;
Impaired function of the proximal renal tubule the variant allele was hence designated Al 49P.
aggravates the acidosis and results in general- The homozygous genotype, A149P, was found
ised amino aciduria, phosphaturia, and bicar- only in association with symptomatic patients
bonate wasting."3 1"4 As a result, adolescents with HFI, who had inherited one copy of the
present with metabolic bone disease and stunt- allele from each parent, and confirmed that the
ing of growth.66 Defective acidification of the condition segregated in the families as ex-
urine, as well as phosphaturia and amino pected for a recessive disease.68 1" It also
aciduria, represents an acquired form of the provided strong evidence that defects in the
Fanconi syndrome that has been well docu- aldolase B gene cause HFI. Facile detection of
mented in HFI."' The cause of the abdominal the A149P mutation, which creates a novel
pain'15 that is a feature in HFI remains recognition site for the restriction endonucle-
unexplained. This pain, which follows inges- ase AhaII and its isoschizomers, has been used
tion of the offending sugars within a few for molecular diagnosis68 and confirmatory
minutes, may reflect autonomic afferent activ- testing after large scale genotyping by allele
ity induced by release of purine nucleotides, specific hybridisation."'9 Indeed we have used
loss of energy charge, or increased concentra- this procedure to ascertain the success of
tions of gluconeogenic precursors such as engraftment following the use of allogeneic
lactate, but proof of a cause and effect relation- bone marrow transplantation from a donor

with established HFI into his HLA identical
2 3 4 5 6 7 3 9 1 but A149P heterozygous brother who suffered

from acquired aplastic anaemia (fig 3).
Since this original investigation, molecular

analysis of human aldolase B genes using the
polymerase chain reaction and DNA sequenc-
ing has to date identified 22 genetic lesions in
patients with HFI (table 1). The detection of
each mutation in genomic DNA using PCR
based methods has allowed screening to be

B genotyping after bone marrow transplantation for severe aplastc carried out in patients with uncharacterised
-el ofAhaII restriction digests using amplified exons S of aldolase Bfrom mutant alleles of aldolase B to confirm a puta-
n peripheral blood of the HFI donor (lane 1), the recipient before (lane tive diagnosis ofHFI based on clinical grounds
rnsplant at 1, 3, 18, and 21 months (lanes 3, 4, 5, and 6), a healthy alone. Molecular diagnosis by analysis of the
heterozygote carrier ofA149P (lane 9), and an HFI patient
'49P (lane 10). Lane 7 represents AhaII digestion of amplified DNA aldolase B gene has the obvous advantage that
line mouthwash sample obtainedfrom the transplant recipient 21 months it avoids invasive tests including the
Before transplantation, the donor was homozygous and the recipient intravenous fructose tolerance test and liver or
aldolase B gene mutation A149PR The proportion of the recipient's

the A149P allele increased after the transplant, illustrating that the itestial biopsy followed by enzymatic assay.
marrow derived cells from the donor. This observation of blood Genetic studies have also provided information
zed with the absence of any recurrent disease symptoms fouryears after about the distribution of mutant aldolase B
irms that the engraftment has been curative and that spontaneous alleles in different populations.tstic state had not occurred as a result of cytotoxic conditioning therapy A establish
S Rohrlich and E Vilmer, Service Hemato-immunologie, Hopital Robert As established by Cross et al'20 and Cox,'

the most prominent allele causing HFI in
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Table 1 Human aldolase B gene mutations in hereditary fructose intolerance

Trivial name* Systematic designationt Mutated codont Ethnic distribution Ref

C134R c.343T-*C C135R Amerindian (private) 135
W147R c.441T-4C W148R Angloamerican (private) 133
A149P c.448G-*C A150P European (widespread) 117
A174D c.524C-*A A175D S European (widespread) 120
L256P c.770T-4C L257P Italian (private) 149
R303W c.910C-+T R304W Turkish/Italian (rare) 130, 132
N334K c.1005CG-G N335K E European (widespread) 127
A337V c.1013CG-T A338V Turkish/Finnish/Swiss (rare) 130
M-1T c.2T-GC MIT Italian (private) 136
R3ter c. lOCG-T R4X Turkish (private) 134
R59ter c.178CG-T R60X Austria (rare) 134, 135
Y203ter c.672T-4A Y204X Italian (private) 136
C239ter c.720GC-A C239X Japanese (private) 138
G-GC,5' intron 5 IVS 5+1G-sC New Zealand (private) 130, 123
G-4A,3' intron 6 IVS 6-1G-sA French (private) 134
Q20AA c.62 del A Q21 del Italian (private) 132
L288AC c.865 del C L289 del Sicilian (private) 120
G12/A3 IVS2-1G del GGTA G38T39 del Swiss (private) 137
A4/A4 c.360-363 del CAAA N120 K121 del European (widespread rare) 128, 133
A7+1 3' intron 8 IVS8-1G del GGCTAAC ins G A334 N335 del American (private) 164
G1O/A 6,7 g.9912-10836 del N181-G267 del Swiss (private) 137
F13/A 4,5 g.7516-9165 del L109-5160 del French (private) 137

*Trivial name represents the mutated sequence ofthe inferred translation product after cleavage ofthe initiator methionine residue; similarly the codon mutation refers
to the initiator methionine numbered as position (+) 1.
tMutations have been assigned according to current guidelines (Antonarakis SE (1996,1997) website ariel.ucs.unimelb.edu.au:80/-cotton/antonara.htm; Hum Mutat
(in press)).

patients of European descent, A149P (ac-
counting for 65% of European HFI alleles so
far studied), has a wide distribution among
European populations, including Ashkenazi
Jews. It has been found to be prevalent in
North America, where it accounts for 55% of
HFI alleles studied'22 and has recently been
found in New Zealand.'23 This allele is the most
frequent cause of the disease in populations of
northern European descent, accounting for
over 85% of mutant aldolase B alleles that have
been studied in the UK; it therefore has a pow-
erful discriminatory capacity in relation to HFI
diagnosis.68 120 These findings provide evidence
that the mutation arose early during the evolu-
tion of modern human populations and possi-
bly before the European expansion that
characterised the late Bronze Age.'24 The
A174D allele, which is also widespread,'20
accounts for 14% and 1 % of HFI alleles so far
studied in Europe'2' and North America,'22
respectively. It is particularly frequent in
central and southern European locations.'2' 125
A study to investigate haplotype linkage

analysis of A149P alleles, using allele specific
oligonucleotides, has shown absolute associ-
ation with informative linked aldolase B
polymorphisms in intron 8 (c->t at nucleotide
84 and a-*g at nucleotide 105) and provides
convincing evidence that the mutation arose on
a single ancestral chromosomes and spread
throughout populations by a combination of
mass migration and random genetic drift.'26
These two biallelic single base pair polymor-
phisms were found to be in absolute linkage
disequilibrium between themselves and are
informative, since 47% of control subjects were
found to be heterozygous at these loci. Allele
specific hybridisation in 15 HFI patients
homozygous for the A149P aldolase B muta-
tion showed that they were also homozygous
for the intron 8 84T/105G alleles. These find-
ings accord with the prevalence of these alleles
in defined populations'2' allowing speculation
as to their origin. The data on haplotype
linkage thus indicate that parents who appear

not to be consanguineous, but give rise to off-
spring with the A149P homozygous aldolase B
genotype, are thus likely to be related by blood,
albeit distantly.
Another mutant allele of human aldolase B

associated with HFI, N334K,'27 occurs princi-
pally in central and eastern Europe, with possi-
ble origins in Balkan populations.'2' The intra-
genic deletion mutation in exon 4 of the
aldolase B gene, A4, which was originally
described in a British patient with HFI,128 129
has since been identified in a German patient'30
as well as six unrelated families with HFI from
Italy'3' 132 and a unique extended North
American pedigree of Swiss-German
ancestry.'33 Hence, the A4 deletion appears to
be widespread (though not as frequent as
A149P) among European populations. The
aldolase B mutation A337V has been shown to
occur in three independent isolates.'30 Origi-
nally, the allele was found in homozygous form
in a patient from Turkey, who was the offspring
of a consanguineous marriage; after screening
for this mutation, it has been detected in a
compound heterozygous form in families
affected by HFI from Switzerland (fig 4) and
Finland. More recently, the aldolase B mis-
sense mutation R303W has been identified
independently in a patient from Italy and
Turkey.130 132

It is notable that the nonsense mutation in
the aldolase B gene, R59ter, found in an
Austrian patient with HFI134 has also been
reported in an Italian-American and a Native
American from British Columbia, who also
have the disease.'35 Although isolates of A4,
A337V, R303W, and R59ter may each be
derived from a single ancestral event and have
spread by genetic drift, similar to the mutant
alleles A149P and A174D, they may have
arisen recurrently and more recently as a result
of mutation at "hot spots" in the aldolase B
locus. Indeed the mutations giving rise to
A337V, R303W, and R59ter represent a C-T
base transition (G-4A in the antisense strand),
the most frequently observed point mutation in
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Figure 4 Compound heterozygosity for aldolase B
mutations A337VandA149P in afamilyfrom
Switzerland with HFI. (A) Agarose gel ofMscI digests of
PCR amplified exons 9from a healthy subject (lane 1) and
the Swiss family members (lanes 2-5). Cleavage of the 205
base pairfragment into two fragments of 111 and 94 base
pairs indicates the presence of the A337V mutation. (B)
Agarose gel ofAhaII digests ofexon S fragments of aldolase
Bfrom an A149P homozygote HFI patient (lane 1) and
the Swiss family members (lanes 2-5). Digestion of the 322
base pair product into 186 and 136 base pairs signifies the
presence of the A149P allele. The mendelian segregation of
the A337V allele in the family and its association with the
disease phenotype only in subjects with an additional
aldolase B mutation on the other allele, together with the
observation that no other mutation has been identified in
cis, indicates that Ala 337-* Val inactivates the aldolase B
molecule.

eukaryotic DNA. Similarly, the event which
gives rise to the A4 allele may represent a hot
spot for recurrent frameshift mutations. The
CAAA deletion occurs in a run of repeated
sequence, suggesting that it may have been
mediated by recurrent DNA polymerase slip-
page resulting in mispairing of strands during
replication or occurred at a single ancestral
event. However, in the absence of sufficient
numbers for haplotype analysis, this question
cannot be answered with certainty.

All the other genetic lesions in human aldo-
lase B which have so far been identified and
give rise to the disease (table 1) have not been
convincingly detected in more than one coun-
try and so may represent unique mutations that
remain confined to the local community ("pri-
vate" mutations). Although CpG dinucleotides
may represent mutational "hot spots" in genes,
of the 15 base substitutions in the human aldo-
lase B gene mutated in HFI, only three are
C--T transitions and one is caused by a G-A
transition.
From all the data that have been published

on the identification of aldolase B mutations in
patients with HFI, it has generally been
observed that patients from non-
consanguineous pedigrees tend to be ho-
mozygous for the prevalent aldolase B muta-

tions, A149P, A174D, or N334K, or have a
compound aldolase B genotype, having inher-
ited at least one of these alleles.'2' The rare
exceptions to this observation have been a
family from Italy, where symptomatic subjects
had the aldolase B genotype M-1T/Y203ter,131
a pedigree of Italian-American descent where
the affected patient had the R59ter/C 1 34R
genotype,'" and a single isolate from a North
American kindred of Swiss-German ancestry,
where the patient had a compound genotype,
A4/W147R.'` Where consanguineous mar-
riages are frequent they contribute towards
homozygosity for rare mutant alleles of aldo-
lase B in HFI, as shown in several Turkish
pedigrees. 30 114 There are other illustrative
examples: in a small community from Sicily the
frameshift mutation L288AC was identified,1'20
the mutation R303W was present on both alle-
les of an Italian patient born to consanguineous
parents,'32 the aldolase B lesion, A3, which cre-
ates a 4 bp deletion at the junction between
intron 2 and exon 3, so removing the conserved
AG splice site recognition signal, was found in
the homozygous state in a member of a large
consanguineous family affected by HFI from
Switzerland,'37 and a female Japanese child
with HFI, whose parents were consanguineous,
was homozygous for the mutation C239ter.'39

Several null alleles of aldolase B have been
identified. These include a translation initia-
tion mutation, nonsense mutations, splice site
variants, and intragenic deletions of 1 bp to
1.65 kb (table 1). Since a significant proportion
of the mutant alleles of aldolase B associated
with HFI represent mutations causing synthe-
sis of missense enzyme variants,"8 129 139 140)
identification of rare null alleles present in
homozygous form allow the human aldolase B
"knockout" to be compared with the pheno-
type where residual hepatic fructose
1-phosphate aldolase activity persists. Patients
who have inherited two null alleles of aldolase
B'20 134 136 138 appear to be healthy, provided they
avoid fructose, and are able to withstand
starvation. This indicates that liver aldolase B
activity is not critical for gluconeogenesis in the
interprandial state. Aldolase B is thus a
component ofan accessory pathway that allows
efficient metabolic assimilation of specific
dietary sugars as part of the adaptive response
to rapid nutritional changes; gluconeogenesis
and glycolysis principally depend upon the
ubiquitous aldolase A.
As far as we can establish, the presence of

homozygosity for null alleles or missense
variants does not determine the clinical severity
of HFI. The symptoms and extent of organ
damage appear principally to depend on the
subject's immediate nutritional environment.
This is in part reflected by their level of educa-
tion as well as the dietary habits of their culture
and the alacrity with which their parents
recognised feeding difficulties presenting dur-
ing infancy and childhood. Whatever the
reason, in nearly all instances, the aldolase B
mutations cause profound deficiency of fruc-
tose 1-phosphate aldolase activity and are
effectively null mutations. In only one instance
has asymptomatic HFI been associated with
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disease solely under conditions of extreme
fructose loading.'4' Unfortunately, neither de-
tailed enzymology nor molecular analysis ofthe
putative mutant aldolase is available from this
patient.

MOLECULAR STUDIES
Since human aldolase B is expressed only in the
relatively inaccessible fructose metabolising
tissues (the liver, kidney, and intestine), it is not
easy to study precisely the effects of the muta-
tions on enzymatic activity in situ. Liver biopsy
specimens, although useful for the diagnosis of
HFI by assay of fructaldolase activity,60 cannot
be obtained without appreciable risk to the
patient and usually provide too little tissue for
detailed characterisation of mutant enzymes.

Nevertheless, studies using antibodies spe-
cific to each isozyme of human class I aldolase
to investigate histological sections and for
analysis of tissue extracts by immunoblotting
showed that some patients with HFI express
polypeptides that bind to aldolase B specific
antibody."'8 129 143 Experiments using double
immunodiffusion gels showed that antiserum
against human aldolase B partly activated the
altered enzyme in several liver extracts from
patients with HFI."0 An independent study by
Cox et al,"8 using a radioimmunotitration pro-
cedure showed that the aldolase B from
patients had a reduced affinity for the antibody,
suggesting that the defect created a structural
variant of aldolase B in these patients, with
impaired catalytic function. Furthermore,
these authors succeeded in purifying mutant
aldolase B from tissue extracts obtained from a
patient with HFI using immunoaffinity meth-
ods. They showed that the purified enzyme was
catalytically inactive and possessed an identical
electrophoretic charge to the wild type enzyme,
although it had an apparent subunit molecular
size of 39 100 daltons (wild type is 38 000
daltons). 118 Subsequently, molecular analysis of
aldolase B genes showed that the mutation
causing HFI in this pedigree encoded the
enzyme variant, Ala'49-Pro (Al49P)."7
With the introduction of gene cloning to iso-

late human aldolase B cDNA and model host/
vector expression systems, catalytically active
recombinant human aldolase B has been
successfully expressed in E coli.'2' 114 Clearly,
the missense variants of human aldolase B,
obtained by site directed mutagenesis, that are
responsible for disease are the most interesting
to study at the molecular level using these
techniques because they shed light on how
subtle changes in critical residues of the protein
affect its function. Hitherto, eight aldolase B
missense mutations have been identified in
patients with HFI (table 1). All mutated
residues are invariant in the class I aldolases,
except the alanine at position 149 which is B
isozyme specific: aldolases A and C have a
cysteine at this position.' ' This suggests that
the regions that harbour these mutations play
an important role in the catalytic function or
structural integrity of the normal tetrameric
enzyme. Using in vitro mutagenesis with
synthetic DNA oligonucleotides, it is possible
to create mutant plasmids which encode the

single amino acid substitutions so that the
properties of the normal and mutant forms of
recombinant human aldolase B can be sub-
jected to detailed examination.
So far the disease causing aldolase B variants

C134R and A149P have been synthesised in E
coli, to understand further the effects of the
natural mutations on the enzyme molecule.
Brooks and Tolan,'35 who expressed the mutant
aldolase B corresponding to the single base
substitution C 134R in E coli, showed that
although the mutant enzyme retained residual
catalytic activity towards the fructose
1-phosphate substrate, the reduced levels of
expression compared with wild type in this
host/vector system suggested that structural
instability of the partially active enzyme variant
may be the cause of the disease phenotype. The
A149P mutation appears to have a drastic
effect on enzymatic activity and structure of
aldolase B as indicated by immunological
studies in tissues obtained from homozygous
patients."7 118 The expressed protein is inactive
towards its specific substrate, fructose
1-phosphate, with residual activity towards
the fructose- 1,6-bisphosphate substrate."'2
The schematic diagram of the three dimen-

sional structure of human aldolase A (which is
highly homologous to aldolase B) can be used
to model the missense mutations in aldolase B
associated with HFI (fig 5). The mutations
C134R, W147R, A149P, and A174D on exon
5 all appear to be located in the vicinity of the
substrate binding pocket and so are likely to
disrupt important residues, including the C-1
phosphate binding residues, Lys 146 and Arg
148, in the active site of the enzyme.40 145 46 In
aldolase A, x ray diffraction of a resolution of
1.9 A indicates that Lys 146 is sufficiently close
to function as a proton donor or acceptor dur-
ing carbinolamine intermediate formation,41 a
function inhibited by engineered mutations of
this residue.'46
The residues implicated in the N334K and

A337V mutations (exon 9) occur in an a helix
and affect the mobility of the conformationally
flexible carboxy-terminal tail, a region which is
thought to cover and mediate access of the
substrate into the active site pocket.40 This
region has long been considered critical for
functional differentiation of the aldolase iso-
zymes A, B, and C.56 147 148 It has been claimed
that the wild type residue in R303 (exon 8)
participates in binding of the phosphate at the
6-carbon position of fructose- 1,6-bisphos-
phate, although this supposition is based on
modelling of the aldolase A molecule rather
than definitive x ray structural determinations
and analysis.'45 The change in charge and bulk
of the side chain associated with this mutation
is likely to affect the structural integrity of the
molecule. An entirely different picture of the
role of R303, however, has emerged from the
solution of the aldolase A structure at the high
resolution of 1.9 A.4' It interacts with the
C-terminal region residue Glu 354 and forms a
hydrogen bond with the C, carbonyl oxygen of
bound dihydroxyacetone phosphate which is
derived from the C, moiety of the hexose
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Figure 5 Schematic diagram of three dimensional structure ofhuman aldolase A at 2.0
4ngstrdm resolution (after Gamblin et al, 45 with permission). The a helices and ,B sheets
are represented as barrels and arrows, respectively. The carboxy-terminus, which is depicted
as bold, is postulated to extendfrom the tail of helix H2 to the centre of the a/fl barrel. The
position of amino acid substitutions identified in the human aldolase B gene ofpatients with
HFI are mapped onto the diagram.

substrate and stabilises the keto form of the
incoming substrate at the active site.
Tetramer formation required for functional

aldolase B involves close contacts between
hydrophobic residues40; it may be the case that
the exon 7 mutation, L256P,'4' which appears
to lie on the outer surface of the molecule dis-
rupts this hydrophobic interaction, possibly
resulting in a failure oftetrameric assembly and
formation of aldolase subunits which, although
catalytically active, are unstable.'50 151 However,
the exact consequences of all these mutations
on the catalytic function of the aldolase B iso-
zyme and integrity of the molecule will require
systematic analysis of this particular human
enzyme using protein engineering techniques.
Detailed investigations of the catalytic function
and definitive structure of the engineered aldo-
lases, informed by computer modelling studies,
will doubtless be critical for a full mechanistic
understanding of this ancient enzyme family.

Diagnosis
Although HFI may be suspected in people who
show aversions to sugary foods, confirmation
of the diagnosis is important, particularly for
the infant, so that a strict exclusion diet can be
prescribed and the tissue injury and growth
retardation can be avoided.65 83 84 Confirmatory
studies hitherto have relied either on direct
assay of fructaldolase activity in tissue biopsy
specimens" 142 152 or inducing the characteristic
biochemical changes after carefully controlled
administration of fructose (0.2-0.25 g/kg body
weight) by intravenous infusion.89 153 More
recently, 31P nuclear magnetic resonance spec-

troscopy has been used successfully to show an
increase in sugar phosphates and decrease in
inorganic phosphate in the liver ofHFI patients
after a fructose load.99 Indeed this method, and
enzymatic assay of intestinal biopsy
specimens,'52 have been the only procedures

known to date that allow the detection of other-
wise asymptomatic carriers of HFI. Never-
theless, these techniques are either cumber-
some, expensive, or have obvious risks; this,
combined with the pain and inconvenience the
subject may have to suffer, fully justifies efforts
to develop direct methods for genetic diagnosis
of HFI.
The discovery of the polymerase chain

reaction'54 has allowed direct DNA analysis of
aldolase B gene sequences, obtained from
somatic cells of patients, to be developed for a
non-invasive diagnosis of HFI. Although three
mutations in the human aldolase B gene,
A149P, A174D, and N334K, and more re-
cently A4, A337V, R303W, and R59ter have
been found to be widely distributed, a more
complete picture with respect to the global dis-
tribution of aldolase B mutations is required,
otherwise genetic screening for HFI will be
limited to specific populations in which the
representative mutant alleles can be predicted
with confidence. The pattern of mutation
frequencies appears to conform to a prototype
that has been found with several other genes: a
few are prevalent but most are rare. The preva-
lent mutations, for example, A149P, A174D,
and N334K, differ in frequency between
different populations as with phenylketonuria.
The high prevalence of A149P in the UK in
particular is very remarkable and probably
explained by a founder effect early in the colo-
nisation of these islands. For diagnostic pur-
poses in other populations, rare mutant alleles
of aldolase B can be overlooked leading to mis-
diagnosis.
To detect whether a suspected person has a

molecular lesion in the aldolase B gene, a sim-
ple protocol has been adopted in our
laboratory.'30 Initial screening for the previ-
ously identified aldolase B mutations A149P,1"7
A174D (Ala 174->Asp), and N334K,'20 127
which are a prevalent cause of HFI, is
conducted on genomic DNA, using the PCR
combined with restriction enzyme digestion or
oligonucleotide hybridisation. A single mutant
allele in the symptomatic patient confirms the
diagnosis. Subjects who have wild type alleles
at these loci and if their parents were unrelated
by blood were studied further only if a positive
intravenous fructose intolerance or enzymatic
test had been obtained previously. However,
patients from consanguineous marriages who
complained of typical symptoms were investi-
gated to find the mutant allele common to their
parents. Direct sequencing of aldolase B exons,
including the splicing signals, was used for
scanning the gene to detect any unidentified
mutations because it is systematic; clearly, as
automated sequencing becomes generally
available, it will offer an increasingly attractive
means of effecting an accurate diagnosis of this
disease. Once both mutant alleles of aldolase B
were identified in a proband, this information
could be used in the neonatal screening of sibs
for HFI using either cord blood or Guthrie
card material from the child as a source of
genomic DNA template and before exposure
to fructose. By these means we have been able

361



Ali, Rellos, Cox

to counsel parents before weaning their off-
spring onto potentially harmful foods.'

Frequency ofHFI in the population
An independent study from the University
Children's Hospital, Zurich,'55 to estimate the
prevalence of hereditary fructose intolerance,
recorded five patients with HFI out of nearly
100 000 live births in a single centre over a five
year period. Thus, the frequency estimate for
HFI was approximately 1 in 20 000; however,
the confidence limits for such an estimate
based on small numbers of affected subjects
would be wide (approximately 1 in 11 000 to 1
in 100 000). Even so, paediatricians and physi-
cians consider the condition to be very rare,
despite growing evidence that mutant alleles of
aldolase B causing the disease may be more
frequent than at first realised.

(1) As a rule, the parents of affected patients
are not consanguineous. For rare autosomal
recessive diseases, clearly, as noted by
Garrod,156 consanguinity would be expected.

(2) There are numerous reports of parent to
offspring transmission resulting from the mar-
riage between affected homozygotes with
asymptomatic heterozygous carriers. "' 152157-159

Because this disorder is inherited as a recessive
trait, this observation signifies an appreciable
frequency ofmutant alleles in the population at
large. Indeed, several large pedigrees affected by
HFI have been reported that suggest, in the
absence of consanguinity, that mutant alleles of
aldolase B are prevalent.9' 152 160 In one
family,'33 10 affected subjects were identified
because of the independent segregation of four
mutant alleles (A4, W147R, A149P, A174D);
there was an example ofpseudodominant verti-
cal transmission of disease and all affected
patients were compound heterozygotes; no
consanguinity was identified.

(3) After surviving the initial traumatic
period of weaning and infancy, many affected
subjects as adults adjust their eating habits
accordingly and can live a normal life. In this
way, they escape formal diagnosis. However,
people continue to come forward in response
to articles in the lay press about the
disorder.68 123

(4) The effects of administration of fructose
based solutions during surgery have resulted in
at least 17 deaths of patients not previously
known to be suffering from HFI.7s 76 133 136 161163

Since heterozygotes, who are asymptomatic,
manifest no obvious advantage compared with
normal subjects, there is no known mechanism
to account for the prevalence of aldolase B
mutations, apart from the observation that
affected homozygotes have a reduced incidence
of dental caries. This may have favourably con-
tributed to fitness in earlier times. It has been
suggested that although mutant alleles of aldo-
lase B may have been accumulating over the
years as a result of genetic drift, homozygotes
would have escaped detection when sugar,
honey, and fruit were scarce. Only the increas-
ing consumption of sugars in the western diet
over the last century has led to the emergence
of HFI as a prevalent disorder.'2'

Given the potentially severe consequences of
untreated fructose intolerance and the value of
diagnosis as well as the efficacy of strict dietary
treatment, there is a case for determining
whether mass neonatal screening is justified for
this avoidable nutritional disorder. In this labo-
ratory we have recently conducted a pilot
study, to obtain an estimate of the population
frequency of the mutant aldolase B allele,
A149P, by systematic analysis of DNA ob-
tained from Guthrie blood spots taken at
birth."9 Blood spots obtained by heel prick of
the newborn are collected routinely on a card
and tested for various preventable diseases,
including phenylketonuria (PKU) and con-
genital hypothyroidism. The dried blood spots
provide an unbiased population for screening,
which is also relatively inexpensive for the
molecular diagnosis of HFI. Our study identi-
fied 27 A149P heterozygotes from 2050 unse-
lected subjects born within a nine month
period between 1994 and 1995 in the East
Anglian region of the UK (frequency (2pq)
-1.3%). These data allow for a frequency (q2)
of 1 in 23 000 homozygotes to be predicted for
this allele"9 (giving a disease frequency of 1 in
18 000 assuming the A149P variant accounts
for -80% of mutant alleles).68 121 Clearly this
has important implications for establishing
interventional programmes for HFI.

It is noteworthy that whereas the mutant
aldolase B allele A149P, which is widespread in
white populations, has been shown to account
for over 85% of HFI alleles which have so far
been studied in the UK'12 and so is diagnosti-
cally significant, diverse alleles give rise to the
disease in other populations, such as the Italian
population. 1215131 136 149 So far, 10 aldolase B
mutations, M-1T, AA20, A4, A149P, A174D,
Y203ter, L256P, L288AC, R303W, and
N334K, have been identified to be associated
with HFI in Italy, which would make for a
complex diagnostic strategy based on mutation
analysis. Forthcoming advanced automated
methods for detecting multiple gene defects
will be ideally suited for mass screening in
populations such as the United States, Italy,
and Switzerland with diverse mutations in
aldolase B.120 122
The aim ofneonatal diagnosis is to introduce

therapy before disease symptoms manifest
themselves, thus maintaining the health and
life quality of the affected subject. Although
carrier detection has no direct health implica-
tions for the child, counselling and DNA
testing might be justified when decisions about
reproduction are made in later life, especially in
populations where consanguineous marriages
occur with appreciable frequency.

Conclusions
The nature of the molecular defect in the aldo-
lase B genes of patients with HFI does not
appear to affect the phenotype appreciably;
however, the individual dietary experience
appears to be correlated with disease severity.
The widespread mutant alleles of aldolase B
which have so far been identified in certain
regions of the world prompt further studies to
determine the frequency of aldolase B mutant
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alleles in other populations and hence deter-
mine the extent to which neonatal screening for
homozygotes by genetic testing is justified. To
implement a general population screening pro-
gramme for HFI, the benefits of such a
programme must outweigh the cost of setting
up the whole procedure and there should be
provision for a considerable educational and
counselling effort. Ethical considerations must
also be taken into account including
confidentiality issues, since future access could
erroneously be considered to affect the insur-
ance status of the homozygous or compound
heterozygous person who, after all, would have
an avoidable clinical disorder.
The use of expression vectors in E coli has

enabled recombinant aldolases to be generated
in vitro, thus opening the way for experimental
manipulation. Important studies are in
progress to answer questions about the precise
mechanism by which the human aldolase B
folds, from its linear primary translation prod-
uct to the active tertiary conformation and sta-
ble homotetramer. More importantly, physical
studies will be able to explore the tantalising
relationship between regional structure and the
specialised biological function of each isozyme.
The naturally occurring missense mutations
associated with HFI are useful in that they
focus attention on critical residues in regions of
the molecule which are required for aldolase B
catalytic function. Detailed biochemical analy-
sis of purified mutant aldolases B, including
their crystal structure in the presence of the five
known substrates, is likely to reveal much about
this ancient but highly differentiated model
enzyme system.
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